Abiotic stress leads to a series of molecular, biochemical, physiological, and morphological changes that adversely affect plant growth and productivity. A low temperature is a major factor limiting the productivity and geographical distribution of many species, including important agricultural crops (3) . Cold-hardy plants increase their freezing tolerance upon exposure to low, nonfreezing temperatures by a phenomenon known as cold acclimation (38) .
The process of cold acclimation involves changes in gene expression profiles (32) , membrane lipids, total protein content, and composition of soluble proteins (30) . Increases in the activity of oxygen-scavenging enzymes (11) , sugar, and proline content (2, 3, 41) , anthocyanin accumulation, and altered growth morphology (30) have also been reported. Moreover, some plants produce specific proteins that protect cells under supercooling conditions, hence lowering the freezing point (6) . These, among other changes, alter leaf ultrastructure (28) and modify plant growth patterns, affecting morphology (32) .
Epiphytic bacterial species with ice-nucleating activity (Ice ϩ bacteria), such as Pseudomonas syringae, contribute to the frost injuries of many cold-sensitive plants by reducing the plants' ability to supercool, a process that prevents the formation of membrane-damaging ice crystals (21) . Since the ice nucleation temperature increases with an increasing population size of Ice ϩ bacteria, preemptive competitive exclusion of Ice ϩ bacteria by naturally occurring but non-ice-nucleating active bacteria could be an effective and practical means of frost control in cold-sensitive plants (21) . Recently, commercial formulations combining bacteria antagonistic to plant pathogenic microbes with ice nucleation-active bacteria have been utilized as an environmentally safe method to manage biotic and abiotic stress in plants (21) . In addition, some of these bacteria, such as epiphytic or endophytic plant growth-promoting rhizobacteria (PGPR), enhance plant growth while improving their resistance to stress (10, 13, 15, 22, 26) . PGPR can stimulate developmental changes in host plants (13, 17) , disrupt phytopathogen organization (4, 5) , induce systemic resistance to pathogens (7, 8, 13, 34) , affect phytohormone production, and improve nutrient and water management (13, 25) . In vitrobacterized plantlets not only grew faster than nonbacterized controls but also were sturdier, with a better-developed root system (4) and significantly greater capacities for withstanding biotic (4, 5, 34) and abiotic (9) stresses.
In this study, we tested a known plant growth-promoting bacterium, Burkholderia phytofirmans strain PsJN, for its ability to enhance chilling resistance in grapes. This bacterium is capable of epiphytic and endophytic colonization of grapevine tissues and organs (4, 12) and has been shown to protect plants against heat stress (9). Our hypothesis was that endophytic colonization of grapevines by Burkholderia phytofirmans strain PsJN would cause physiological and biochemical changes in the plants that may enhance their cold tolerances upon exposure to low temperatures. To address this hypothesis, we examined the levels of electrolytes, proline, phenolics, and starch content and related them to gas exchange and chilling tolerance in bacterized and nonbacterized plantlets under cold stress. Morphologies and cytologies of grapevine organs before and after chilling were also examined.
Vineyards north of Reims (Champagne) are from 48°to 49°5Ј latitude and occur at the northern limit of the area where grapes are grown for production in France. Nonfreezing but cool temperatures are common during the growing season in this area and can compromise grapevine productivity. Since grapes are clonally propagated, PGPR could be established in planta during in vitro propagation and potentially provide a carryover effect of enhancing chilling stress resistance in viticulture.
MATERIALS AND METHODS
Plant material and in vitro growth conditions. Plantlets of Vitis vinifera L. cv. Chardonnay clone 7535 were micropropagated by nodal explants grown on 15 ml of semisolid medium (23) in 25-mm culture tubes under 200 mol m Ϫ2 s Ϫ1 white fluorescent light for a 16-h photoperiod at 26°C (12) . Uniform plantlets (n ϭ 24) were selected for each treatment in each experiment.
Plant bacterization. The bacterial inoculum was produced by transferring two loops of PsJN to 100 ml of King's B liquid medium in a 250-ml Erlenmeyer flask incubated at 20°C at 150 rpm for 48 h (4). Bacteria were collected by centrifugation (3,000 ϫ g for 15 min) and washed twice with phosphate-buffered saline (PBS) (10 mM, pH 6.5). The pellet was resuspended in PBS and used as inoculum. The bacterial concentration was estimated by spectrophotometry (600 nm) and adjusted to 10 6 CFU/ml with PBS (5). The concentration was confirmed by plate counting. Nodal explants, approximately 1 cm long and taken from 6-weekold stock plantlets, were immersed in the inoculum for 1 min, blotted with sterile filter paper, and placed in culture tubes as described previously (5) . Noninoculated control plantlets were dipped in PBS. The plants were incubated in the growth chamber as described above.
Cold treatment. After 6 and 12 weeks, bacterized and nonbacterized grapevine plantlets were divided into two groups: one group was transferred to a cold growth chamber maintained at 4°C under a 16 h-photoperiod with light provided by white fluorescent lamps at an intensity of 200 mol m Ϫ2 s Ϫ1 , and the other (control) group was kept under the conditions described above. Each treatment consisted of 24 plantlets, and the experiment was repeated three times. Analyses were conducted after 2 weeks of treatment.
Electrolyte leakage. Leaf samples comprising the fifth and sixth leaves from the basal end of the plantlets were taken from each plantlet (n ϭ 24), rinsed with distilled water, and dried on filter paper. The leaves were incubated in 30 ml mannitol (0.4 M) in 50-ml plastic bottles at 24°C for 20 h on a rotary shaker (80 rpm) as described previously (18) . The conductance of the incubation medium was measured using a conductivity meter (Orion, model 150; Thermo Electron Corporation, Breda, The Netherlands). Samples were autoclaved at 120°C for 3 min and cooled to room temperature, and the volumes were adjusted to 30 ml. The conductivity of the samples was measured again to determine the total electrolyte content of the tissue. The degree of electrolyte leakage was calculated as described earlier (1) .
Free proline analysis. Free proline content was determined as described by Ait Barka and Audran (3). Plantlets were frozen in liquid N 2 and kept at Ϫ80°C until used. Leaves, stems, and roots were ground separately and homogenized in 3% (wt/vol) sulfosalicylic acid. The homogenate was filtered through filter paper (Whatman no. 1). After the addition of ninhydrin reagent (1% [wt/vol] ninhydrin in 60% acetic acid), the mixture was heated to 100°C for 20 min. The reaction was then stopped in ice. The mixture was extracted with 1 ml toluene, and the sample was vigorously shaken for 15 s. After 4 h in darkness at room temperature, sample absorbance of the toluene layer was read at 520 nm. Proline concentration was determined by using a calibration curve and expressed as M proline g Ϫ1 fresh weight (FW).
Determination of total phenolics. The content of total phenolics was determined by using a modified Folin-Ciocalteu colorimetric method (36) . Fresh leaf tissue (600 mg) was ground in 5 ml ethanol (80%) using a tissue homogenizer. Samples were placed in 50-ml tightly covered plastic tubes and incubated at 4°C for 2 h in the dark and then filtered as above. The pellet was resuspended in 2.5 ml ethanol. Five replicates of 125 l phenolic extract, 625 l 1/10 diluted FolinCiocalteu reagent, and 250 l 7.5% (wt/vol) Na 2 CO 3 were vortexed for 10 s, and the mixture was incubated at 45°C in a water bath shaker for 15 min. Phenolics were measured at 750 nm using catechin as the standard. Total phenolics were expressed as ng g Ϫ1 FW.
Gas exchange measurements. Carbon dioxide exchange rates were measured on 24 plantlets from each treatment using a Li-Cor 6200 portable photosynthetic system (Li-Cor, Lincoln, Neb.) and a 250-ml gas exchange chamber. During the measurement, the gas exchange chamber was illuminated with a white light source (1,000 mol photons · m Ϫ2 · s Ϫ1 ) under a relative humidity of 65 to 75%, an air CO 2 concentration of 420 to 460 l liter
Ϫ1
, and a flow rate of 1,125 mol · min Ϫ1 . O 2 evolution was measured with an oxygen electrode (Hansatech, Cambridge, United Kingdom). Three leaves were detached from each plant and placed in the electrode chamber. Saturating CO 2 conditions were maintained using 2 M potassium carbonate-potassium bicarbonate buffer, pH 9.3. The electrode buffer contained saturated potassium chloride. 
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Starch extraction and analysis. Organs were sampled from each plantlet (n ϭ 24) and homogenized individually at 4°C in a mortar containing 0.1 M phosphate buffer, pH 7.5. The homogenates were centrifuged at 12,000 ϫ g for 15 min, and the pellets were used for starch analysis. The collected pellets were resuspended in dimethyl sulfoxide-8 M hydrochloric acid (4:1, vol/vol). Starch was dissolved over 30 min at 60°C with agitation (60 rpm). After centrifugation for 15 min at 12,000 ϫ g, 100-l supernatant samples were mixed with 100 l iodine-HCl solution (0.06% KI and 0.003% I 2 in 0.05 M HCl) and 1 ml distilled water. The absorbance was read at 600 nm after 15 min of incubation at room temperature.
Microscopic observations. Roots, stems, and leaves were cut into 1-mm sections. The samples were immersed in cold fixative solution containing 8% glutaraldehyde, 2% paraformaldehyde in 0.2 M potassium buffer (pH 7.24), vacuum infiltered for 20 min, and immersed in fresh fixative solution for 20 h (18). Samples were subsequently washed with 0.2 M potassium buffer (pH 7.24), postfixed in 2% osmium tetroxide prepared in the same buffer for 4 h, washed with the buffer, and dehydrated in a graded ethanol series. The samples were then washed with acetone series and embedded in araldite (Fluka, France). Semithin sections (1 m) were collected on glass slides and stained with toluidine blue, rinsed in distilled water, air dried, and mounted in Eukitt. The sections were examined under an optical microscope (model no. BH-2; Olympus, Tokyo, Japan).
Statistical analyses. Unless stated otherwise, replicates of 24 plants were used per treatment. Collected data were analyzed statistically using analysis of variance. Means for each treatment were separated with at least significant difference (LSD; P Ͻ 0.05) multiple comparison test (Fisher's protected). All experiments were repeated three times.
RESULTS
Under the applied experimental conditions, the changes in all analyzed parameters were similar for both 6-and 12-weekold plantlets. The results of the experiments conducted on 12-week-old plantlets are presented.
Plant bacterization. A comprehensive PsJN colonization study of grapevine plantlets was completed earlier using a PsJN::gfp2X derivative tagged with green fluorescent protein.
We found that the bacterium initially colonized the root surface, followed by tissue penetration and colonization of the root interior, translocation via stem xylem vessels, and then endophytic colonization of leaf tissues (12) . A study conducted under the same in vitro culture and bacterial inoculation conditions as the experiment reported here clearly demonstrated that B. phytofirmans strain PsJN establishes endophytic populations. The presence of PsJN in the root and shoot interior was reconfirmed in this study (data not shown).
Growth promotion. At 26°C, bacterized plantlets had sixfold-higher total biomasses compared to those of the nonbacterized controls (Fig. 1) . Although there was a significant (P Ͻ 0.05) enhancement of the biomass of all organs, the stimulation of root growth was the greatest: approximately 12-fold. After 2 weeks of cold temperature treatment, the total biomass decreased for both treatments, and a significant difference between bacterized and control treatments was recorded for only root biomass (Fig. 1) .
Electrolyte leakage. Electrolyte leakage results show that bacterization significantly (P Ͻ 0.05) improved the chilling tolerance of the grapevine plantlets (Table 1 ). Prior to plantlet exposure to the chilling treatment, ion leakage from leaves of both bacterized and nonbacterized control plantlets was similar, 13 to 14% of the total leaf electrolytes. After chilling, however, the electrolyte leakage was approximately twice as great in the controls as in bacterized plantlets, 39 versus 20%, respectively.
Free proline and total phenolics. Both cold and bacterization treatments significantly (P Ͻ 0.005) increased free proline content in leaves and stems in all tissues of the control plantlets (Table 1 ). There was almost no proline found (it was either not detected or detected in trace amounts) in the roots of the control plantlets not subjected to chilling and 0.15 mol · g Ϫ1 FW in the bacterized ones. Similarly, bacterization as well as cold stress significantly (P Ͻ 0.05) enhanced the content of total phenolics in leaves ( Table 1) . Independently of temperature, bacterization enhanced the content of phenolics by approximately 50% and, independently of bacterization, lowtemperature treatment enhanced their titers by 10%.
Photosynthetic capacity. Independently of the temperature treatment, bacterization significantly enhanced photosynthetic activity of the grapevine leaves, compared to that of the control (Table 2) . When subjected to chilling, the photosynthetic activities of both bacterized and nonbacterized plantlets decreased, although the cold treatment affected the nonbacterized plantlets significantly (P Ͻ 0.05) more (Table 2) . O 2 evolution was also negatively affected by the low temperature treatment. In both temperatures, O 2 evolution and CO 2 fixation were significantly (P Ͻ 0.05) greater in the bacterized plantlets.
Starch content and distribution. Compared to the nonbacterized controls, the enhanced photosynthetic activity of the bacterized plantlets corresponded with significantly (P Ͻ 0.05) higher starch content, particularly in leaves and shoots (Table  1) . Chilling treatment had no significant (P Ͻ 0.05) effect on starch content in all organs of the control plantlets (Table 1) . Under similar conditions, the bacterized plantlets continued accumulating starch in leaves and shoots (P Ͻ 0.05). However, no significant differences (P Ͻ 0.05) were found in roots between all treatments.
Microscopic observations. The vascular system is organized into "bundles," with water-conducting xylem vessels located internally (on the pith side) and the food/organic materialtransporting phloem tissue on the exterior (see Fig. 3 ). No obvious differences were observed between the temperature treatments in the structure of the cell wall or the tissue organization in shoots and leaves of the nonbacterized plantlets ( Fig. 2 and 3) . The nonbacterized control plantlets chilled at 4°C exhibited less growth but had larger vascular systems than did the controls grown at 26°C (Fig. 4a and c) . The chilling treatment also caused cell wall alterations and some damage in the epidermis and the cortex of control chilled roots (Fig. 4c) . The bacterized plantlets had secondary vascular structures, with relatively large-diameter xylem cells, indicating enhanced vascular cambial activity ( Fig. 3b and d) . The thick cell walls of the xylem provide the principal structural support for aerial plant parts. Microscopic examination of sections taken from different organs confirmed the results of the starch analysis reported in Table 1 . More starch was observed in leaf and stem sections of bacterized plantlets than in controls, with no clear difference detected in roots (Fig. 4) . Increased starch accumulation in leaves of bacterized plantlets upon chilling could also be seen on cross sections of leaf parenchyma (Fig. 2) and stele (Fig. 3) .
DISCUSSION
Burkholderia phytofirmans strain PsJN is capable of colonization of internal tissue while cocultured in vitro with grape (12), tomato (34) , and other plants (26) . Based on the colonization pathway we observed with a PsJN::gfp2X derivative tagged with green fluorescent protein (12) and on the effectiveness of our surface sterilization protocol, which was proven with grape (5, 12), tomato (34) , and potato (17) plants, the bacterium can be considered a true endophyte. The grapevine plantlets cocultured with PsJN grew faster and had significantly (P Ͻ 0.05) more secondary roots (4, 5, 12) . The bacterium also enhances the resistance of tissue culture plantlets to fungal disease (4, 5, 34) and heat stress (9) . The strain expresses a high level of 1-aminocyclopropane-1-carboxylate deaminase (33) , the enzyme that hydrolyzes the ethylene precursor 1-aminocyclopropane-1-carboxylate to ammonia and ␣-ketobutyrate. By lowering the production of this hormone in planta, the bacterium can decrease inhibitory effects of ethylene on root elongation and its stimulation of senescence under stress (19) .
Despite the ability of plants to adapt partially to low-temperature stress in temperate climates (30) , plant growth and overall productivity generally decline under chilling conditions 
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B. PHYTOFIRMANS IMPROVES GRAPEVINE COLD TOLERANCE 7249 (20) . The extent of a plant's ability to withstand such stress is determined by metabolic alterations (32) . In this study, we demonstrated for the first time that the plant growth-promoting bacteria colonizing grape plantlets can significantly influence the plantlets' resistance to chilling. Plantlet bacterization with Burkholderia phytofirmans strain PsJN had a pronounced effect on grapevine growth, development, and responses to low temperatures, i.e., diminished rates of biomass reduction and electrolyte leakage during chilling and stimulated postchilling recovery.
In our previous study with frost-treated organs of grapevines, electrolyte leakage was a good indicator of plant sensitivity to cold (1) . The data thus indicate that the strain PsJN may have the potential to lower the sensitivity of this crop to chilling injury.
Bacterization significantly (P Ͻ 0.05) elevated the level of proline and phenolics and enhanced the rate of photosynthesis and starch deposition. This, combined with an enlarged root system and improved sucrose uptake from the medium, may have contributed to the stimulation of growth, development, and adaptation to stress (29) . Decrease of photosynthesis induced by exposure to low temperatures is a well-known response of chilling-sensitive plants (6, 27) .
Our results show that the differences in cold tolerance between the control and bacterized plantlets were reflected by differences in their abilities to significantly accumulate (P Ͻ 0.05) carbohydrates under cold stress conditions. This is in agreement with our earlier report of the accumulation of starch in grapevine buds subjected to low temperatures (2) . This enhancement was explained in part by an inhibition of amylase activity under cold conditions. In cabbage seedlings, starch accumulated during cold acclimation and decreased during deacclimation (31) . A comparison between the changes in chilling susceptibility of grapevine plantlets and their starch content indicates that starch may also play a role in protecting plant tissues against chilling.
Proline is a dominant organic molecule that accumulates in many organisms upon exposure to environmental stress (14) and plays multiple roles in plant adaptation to stress (24, 37) , including chilling (37, 40) . We found a significant correlation between freezing tolerance and an increase of proline concentration in shoot and bud tissue of grapevines after exposure to low temperatures (3) . In this study, B. phytofirmans strain PsJN significantly (P Ͻ 0.05) increased proline accumulation in grapevine plantlets upon chilling. The enhancement of proline accumulation in leaf tissues was also reported with an avirulent strain of Pseudomonas syringae pv. tomato but not with the isogenic virulent bacteria (16) .
The observed accumulation of phenolic compounds induced by PsJN confirms our earlier results (12) . This phenomenon is linked to the host defense response, which also includes the strengthening of cell walls in the exodermis and several cortical We reported earlier that B. phytofirmans strain PsJN protected grapevines against Botrytis cinerea (4, 5) . The mechanism of this protection was not localized but systemic. This type of response usually confers an enhancement of plant resistance to both biotic and abiotic stress (26) . This phenomenon is known as rhizobacteria-mediated induced systemic resistance and was described as the mode of action of disease suppression by nonpathogenic rhizosphere bacteria (39) . Host defense response pathways are preinduced by the colonizing beneficial bacteria, allowing a much faster response to pathogen infection, i.e., formation of structural barriers, such as thickened cell wall papillae due to the deposition of callose and the accumulation of phenolic compounds at the site of pathogen attack (8, 12) . Our results indicate that a plant's reaction to cold stress could be similar to the one previously reported during pathogen attacks. Thus, the present results linked the biotic stress to the abiotic stress in the way by which plants react to the stress.
Conclusions. The concept of PGPR is now well established (13), and some consideration of the relationship of PGPR to biocontrol is worthwhile. Positive interactions between bacterial endophytes and their host plants can result in a range of beneficial effects, which are similar if not complementary to those reported for exorhizobacteria. These include increased plant growth and development, resistance to disease, and improvements in the host plant's ability to withstand environmental stress (e.g., chilling).
B. phytofirmans strain PsJN has been well characterized as a PGPR that triggers induced systemic resistance against fungal pathogens (12, 34) . Our findings indicate that this mechanism also enhances grapevine resistance to cold stress.
The beneficial effect of endophyte bacteria may be through their induction of the synthesis of proteins, which reduces the development of symptoms, and also through the prevention of some sets of reactions, which produce the symptoms of chilling injury. Because the nucleation temperature of plants increases with increasing population sizes of Ice ϩ bacteria, preemptive competitive exclusion of Ice ϩ bacteria with naturally occurring non-ice nucleation-active bacteria could be an effective and practical means of frost control. The management of frost injury by reducing Ice ϩ bacterial populations might become an important new method of frost control.
Therefore, understanding molecular mechanisms behind the chill-induced effects on photosynthesis by examining the myriad changes in gene expression will be our next step toward a better understanding of the role of PGPR in low-temperature acclimation. 
